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Manufacturing Inﬂuence on the Delamination Fracture Behavior
of the T800H/3900-2 Carbon Fiber Reinforced Polymer Composites
Jin Zhang and Bronwyn L. Fox
Center for Material and Fiber Innovation, Geelong Technology Precinct, Deakin University, Geelong, Australia
‘Torayca’ T800H/3900-2 is the ﬁrst material qualiﬁed on Boeing Material Speciﬁcation (BMS 8-276) which utilizes the thermoplastic-particulate
interlayer toughening technology. Two manufacturing processes, the autoclave process and the fast heating rated Quickstep™ process, were
employed to cure this material. The Quickstep process is a unique composite production technology which utilizes the fast heat transfer rate of ﬂuid
to heat and cure polymer composite components. The manufacturing inﬂuence on the mode I delamination fracture toughness of laminates was
investigated by performing double cantilever beam tests. The composite specimens fabricated by two processes exhibited dissimilar delamination
resistance curves (R-curves) under mode I loading. The initial value of fracture toughness GIC−INIT was 564J/m2 for the autoclave specimens and
527J/m2 for the Quickstep specimens. However, the average propagation fracture toughness GIC−PROP was 783J/m2 for the Quickstep specimens,
which was 2.6 times of that for the autoclave specimens. The mechanism of fracture occurred during delamination was studied under scanning
electron microscope (SEM). Three types of fracture were observed: the interlayer fracture, the interface fracture, and the intralaminar fracture.
These three types of fracture played different roles in affecting the delamination resistance curves during the crack growth. More ﬁber bridging
was found in the process of delamination for the Quickstep specimens. Better ﬁber/matrix adhesion was found in the Quickstep specimens by
conducting indentation-debond tests.
Keywords Aerospace prepregs; Atomic force microscopy; Composite fabrication; Crack propagation; Debond; Double cantilever beam;
Fiber/matrix adhesion; Fracture toughness; Indentation; Interface fracture; Interfacial shear strength; Interlayer fracture; Intralaminar fracture;
Mode I; Scanning electron microscopy.
1. Introduction
‘Torayca’ T800H/3900-2 is an example of composite
material systems that utilize the thermoplastic-particulate
interlayer to improve the toughness of laminates. It is the
ﬁrst material qualiﬁed on Boeing Material Speciﬁcation
(BMS 8-276) and has been used successfully in the Boeing
777 empennage and ﬂoor beams [1, 2]. Delamination is
one of the most predominant failure modes in composite
structures [3, 4]. The effect of the manufacturing process
on the delamination fracture behaviour of this thermoplastic
interlayer toughened system was investigated.
The Quickstep process is used for out-of-autoclave
advanced composite production. It reduces the equipment
and labour costs, consumes less energy and less time. The
key of this process is that it utilizes an industrial heat transfer
ﬂuid such as polyalkylene glycol to heat and consolidate the
composite components. Since the ﬂuid is capable of highly
efﬁcient heat transfer to the component, Quickstep provides
a much faster cure cycle than the autoclave where gas is the
heat transfer medium [5, 6].
Fiber/matrix adhesion is an important factor affecting
the mechanical behavior of ﬁber reinforced composites
[7, 8]. Among various methods for interface measurements,
indentation-debond test allows in situ investigation on
a composite in its post-processed form [9, 11]. As a
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consequence, the effect of processing conditions can be
studied by conducting this test. The interfacial shear strength
(IFSS) data calculated from this test give an indication of
the adhesion level between ﬁbers and matrix.
The objective of this work is to apply the novel
fabrication process to this important aerospace prepreg
aiming to explore the difference in mechanical performance
comparing with that cured by the conventional autoclave
process. The effect of heating rate on the fracture toughness
and ﬁber/matrix adhesion of T800H/3900-2 composite
specimens will be investigated through the present paper.
2. Experimental
2.1. Composite Manufacture
T800H/3900-2 prepregs were laid up to 016 laminates
with a 15m thick aluminum foil inserted between the
center layers prior to processing to provide the initial
delamination crack. The composite laminates were cured by
the American Autoclave “mini-bonder” MB-2036-415-315-
800 at the Australian National University and the Quickstep
QS5 at Deakin University.
The autoclave cure applied for the T800H/3900-2
composite is shown in Fig. 1. The ramp rates were
3C/min for heating and 2C/min for cooling. The cure
temperature was held at 180C for 120minutes; 640KPa
inert gas pressure was applied during processing. The whole
processing time was 225 minutes.
Figure 2 presents the Quickstep cure cycle. It featured
an initial dwell at 150C for 30minutes, followed by the
full cure at 180C for 120 minutes. The ramp rates were
much faster than the autoclave cure. The laminates were
heated at ramp rate of 95C/min and cooled at 104C/min.
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DELAMINATION FRACTURE BEHAVIOR 769
Figure 1.—The autoclave cure cycle.
A vacuum of−98KPa was achieved during processing. The
processing time for the Quickstep cure was 182 minutes.
2.2. Experimental Procedures
The mode I interlaminar fracture toughness tests were
performed in accordance with the protocol of the European
structural integrity society [12]. A 15m thick aluminium
foil was treated with a release agent (SRC 722) and
was inserted between the centre layers prior to processing
to provide the initial mid-plane delamination crack. The
LLOYD universal test machine was used to conduct the
double cantilever beam (DCB) tests. The mode I critical
energy release rate GIC was calculated by the corrected
beam theory [13].
The delamination fracture surface was observed by a LEO
1530 scanning electron microscope (SEM). The indentation-
debond tests were performed on the Ultra-Micro Indentation
System (UMIS). Metallographic specimens were ﬁnely
polished before indentation under a Berkovich diamond tip.
Each indentation test consisted of loading the centre of a
given ﬁber to a predetermined load. Then the ﬁber was
unloaded and inspected for debonding by a Dual ScopeTM
DS45-40 Atomic Force Microscope (AFM). The maximum
load was increased from 30mN in 10mN increments until
debonding was observed.
Figure 2.—The Quickstep cure cycle.
Figure 3.—Typical DCB load and crack length vs. COD curves for
T800h/3900-2 system manufactured by the autoclave and the Quickstep.
3. Results and discussion
3.1. Mode I Delamination Fracture Behavior
The T800H/3900-2 composite cured by the autoclave is
represented by the T3900-2A and the one cured by the
Quickstep is represented by the T3900-2Q. The typical load
and crack length versus crack opening displacement (COD)
curves are shown in Fig. 3. The load increased linearly
up to a certain point then became nonlinear and reached
the maximum value. For the T3900-2A, the load dropped
suddenly after the peak value and decreased gradually until
the specimen was detached completely. The extent of the
load drop for the T3900-2Q was less and the process was
more gradual. The T3900-2Q experienced a 6.8mm longer
COD before the load suddenly dropped to zero and the
specimen was delaminated into halves. At the same COD,
the crack propagated further for the T3900-2A than the
T3900-2Q.
The calculated delamination resistance curves are
presented in Fig. 4. The T3900-2A exhibited a decreasing
delamination resistance curve (R-curve) in contrast to the
increasing delamination resistance curve for the T3900-2Q.
After the initial changes of GIC values, the T3900-2A
experienced a more stable propagation of the mode I fracture
toughness. The initial valueGIC−INIT was calculated from the
load and the COD at the point of deviation from linearity.
The average results of the GIC−INIT were 564J/m2 for the
T3900-2A and 527J/m2 for the T3900-2Q. Although the
Figure 4.—Delamination resistance curves.
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770 J. ZHANG AND B. L. FOX
Figure 5.—Top view of the delamination fracture surface at the initial crack propagation region: a) T3900-2A; b) T3900-2Q (the crack growth direction is from
left to right. Region I, II, III, and IV were observed under SEM).
T3900-2A had a slight higher average GIC−INIT than the
T3900-2Q, the average propagation values GIC−PROP were
783J/m2 for the T3900-2Q and 300J/m2 for the T3900-2A
where a 1.6 times difference existed.
The delamination fracture was studied under SEM.
There are three possible fracture types exist in interlayer
toughened composite materials, i.e., interlayer fracture,
interface fracture and intralaminar fracture. The interlayer
fracture occurs within the thermoplastic resin which has
high fracture toughness; the interface fracture is between
the base carbon/epoxy lamina and the interlayer; the
intralaminar fracture occurs between the carbon ﬁber and
the epoxy resin within the carbon/epoxy lamina. It can
be seen from Figs. 5 and 6 that the T3900-2A showed
a transition from interlayer fracture surface (region I) to
the intralaminar fracture surface (region II) with the crack
propagation, however, there was no large distinguishable
interlayer fracture region found at the crack initiation
Figure 6.—SEM micrographs of the delamination fracture surface in different regions indicated in Fig. 5. Region I. interlayer fracture; Region II. intralaminar
fracture; Region III; a) interlayer fracture; b) interface fracture; Region IV; intralaminar fracture.
area of the T3900-2Q. In region III on the T3900-2Q
delamination surface, we can ﬁnd small areas of interlayer
fracture (indicated by ‘a’) and interface fracture (indicated
by ‘b’) scattered in the crack initiation region. As the crack
propagated, the delamination fracture surface for the T3900-
2A and the T3900-2Q achieved 100% of intralaminar
fracture eventually which are shown in region II and IV in
Figs. 5 and 6.
The microstructures observed here partially explained
the trend of the delamination resistance curves which are
shown in Fig. 4. The drop in the R-curve for the T3900-2A
seems to be caused by the transition from the interlayer
fracture to the intralaminar fracture or the interface fracture.
Kageyama et al. [14] studied the effect of the ratio of
the interlayer fracture along the delamination front on the
mode I fracture toughness. They obtained an almost linear
correlation between the GIC and the percentage of the
interlayer fracture. The T3900-2A had a bigger area of
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DELAMINATION FRACTURE BEHAVIOR 771
interlayer fracture than the T3900-2Q in the initial crack
propagation region resulting in the higher GIC−INIT value.
For the T3900-2Q, ﬁber bridging seems to play an important
role in affecting the propagation of delamination crack.
Figure 7(b) shows the ﬁber bridging phenomenon occurred
for the T3900-2Q during delamination propagation. Fiber
bridging enhanced the fracture toughness with the crack
growth.
4. Fiber/matrix adhesion
Indentation-debond tests (see Fig. 8) were performed
to measure the interfacial shear strength (IFSS) of the
composite specimens. The shear lag analytical approach
[15] was applied to calculate the IFSS.
debond =
nFdebond
2r2
n = 2Em
Ef 1+ m	 ln
(
2√
3
Vf
) 
debond is the interfacial shear strength, Fdebond is the
measured debond load, r is the ﬁber radius, Em is the matrix
modulus, Ef is the ﬁber modulus, m is the matrix
Poisson’s ratio, and Vf is the local ﬁber volume fraction.
The IFSS results were 36.33MPa for the T3900-2A and
55.04MPa for the T3900-2Q. The T3900-2Q had a higher
ﬁber/matrix adhesion level than the T3900-2A.
Figure 7.—Delaminated DCB specimens under mode I loading: a) the T3900-
2A; b) the T3900-2Q.
Figure 8.—Three dimensional AFM micrograph on the debonded ﬁber within
the T800H/3900-2 composites.
5. Conclusions
Mode I delamination fracture and interfacial shear stren-
gth of the T800H/3900-2 composites manufactured by the
autoclave and the Quickstep processes were investigated.
• The average propagation value of mode I fracture
toughness of the Quickstep specimens was 1.6 times
higher than that of the autoclave specimens.
• Three types of fracture (i.e., the interlayer fracture, the
interface fracture and the intralaminar fracture) were
observed which inﬂuenced the trend of the delamination
resistance curves during crack propagation.
• The initial drop in the delamination curves of the
autoclave specimens was caused by the transition from
the interlayer fracture to the intralaminar fracture or the
interface fracture. Signiﬁcant ﬁber bridging was found in
the Quickstep DCB specimens during the delamination
process which strongly affected the propagation fracture
toughness.
• The indentation-debond tests showed that the Quickstep-
cured composite had stronger ﬁber/matrix adhesion than
the autoclave-cured composite.
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